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We present a passive, resonant, single-frequency gy-
roscope design that utilises polarisation modes of an
optical cavity to readout rotation and generate a laser
frequency discriminant. This design is notable for its
simplicity, requiring no modulation electronics or fre-
quency counters. We extract both the cavity length sig-
nal and rotation signal from two co-propagating beams
with orthogonal polarisations. This readout scheme
can be applied to an optical cavity whose polarisation
eigen-modes experience different phase shifts such as
fibre rings; whispering gallery mode resonators; and
folded free-space cavities. We apply this technique to
the passive free-space gyroscope and achieve a bias sta-
bility of 0.03◦/h and a sensitivity of 5× 10−8 rad/s/√Hz
above 1 Hz, with a cavity of area 400 cm2 and finesse
of 104. Below 1 Hz the sensitivity of the gyroscope is
limited by the backscattering in the optical cavity and
beam jitter of the laser beam. © 2018 Optical Society of America
OCIS codes: (060.2800) Gyroscopes; (140.3370) Laser Gyroscopes;
(120.5790) Sagnac effect
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Optical gyroscopes measure rotation of a particular frame us-
ing two counter-propagating laser beams. The beams follow the
same closed path in the rotating frame and experience different
phase shifts according to the Sagnac effect [1, 2]. This shift is
given by the equation
∆φ =
8piAΩ
cλ
, (1)
where A is the area enclosed by the optical beam path, Ω is the
angular frequency of the rotating frame, c is the speed of light,
and λ is the wavelength of the laser beam. Optical gyroscopes
measure the phase or frequency difference between the two
counter-propagating beams and infer the frame’s rotation speed.
Optical gyroscopes have a wide range of applications (see [3]
for a recent review). Active ring laser gyroscopes have a lasing
media inside their optical cavities which generates two counter-
propagating beams for rotation sensing. ∼ 10 cm scale active gy-
roscopes with bias stability of < 10−3 ◦/hr and angular random
walk (ARW) < 10−3 ◦/
√
Hr, such as the Honeywell GG1320,
found application in aeronautics and submarine navigation [3].
Even larger active optical gyroscopes, such as UG-2 [4] and GP-
2 [5], study geophysics and an effect of the Moons gravity on
the Earth’s rotation axis. Passive free-space [6] and interfero-
metric fibre optic gyroscopes [7, 8] use an external laser beam
which is split along the two counter-propagating paths. Fibre
gyroscopes, such as KVH DSP-1750 and Northrop Grumman
LN-200, found applications in platform stabilisation and naviga-
tion industries [3]; they generally have similar angular random
walk (ARW) to active ring laser gyroscopes but with worse bias
stability < 0.1◦/hr. Recently, compact active [9] and passive [10]
gyroscopes based on the whispering-gallery-mode resonators
were presented. These gyroscopes have a potential to be used in
navigation in the future once their bias stability is improved.
Medium size (∼ 1 m) gyroscopes [11, 12] have a potential to
significantly improve seismic isolation systems in gravitational-
wave detectors, such as LIGO [13] and Virgo [14]. In these
detectors, test masses are suspended from optical tables which
move due to the seismic disturbances. The motion of the LIGO
optical tables is actively stabilised in six degrees of freedom [15]
using a set of seismometers or geophones. These inertial sensors
have sensitivity of 10−10 − 10−11 m/√Hz around 1 Hz. How-
ever, at lower frequencies f . 1 Hz the noise grows as 1/ f 2 and
even faster due to mechanical response of suspended masses in
these sensors and tilt-to-horizontal coupling [16]. Gyroscopes do
not suffer from this problem and can improve inertial isolation
of the optical tables in the frequency band from 10 mHz up to
10 Hz. Active suppression of ground vibrations can enhance the
low-frequency sensitivity of gravitational-wave detectors and
make them more sensitive to intermediate-mass black holes [17].
In this letter, we present a passive optical gyroscope with
a high-finesse optical cavity and double homodyne readout.
This design is free from lock-in behaviour and does not require
mechanical dithering [18] to measure small rotation velocities.
Such a mechanism can inject noise in the motion of the LIGO
optical benches which couples to the gravitational-wave channel
via backscattering [19]. Since the previous design of the passive
gyroscope for the gravitational-wave detectors was limited by
electronics noise of the frequency counter [12], we developed a
novel readout scheme which employs only homodyne readouts
both for stabilising the laser and reading out the frame rotation.
Our scheme avoids radio-frequency optical beats by using
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Fig. 1. The layout of the optical gyroscope with a double ho-
modyne readout. The gyroscope is installed in the polystyrene
box to passively filter acoustic and thermal fluctuations of the
environment.
two orthogonal polarisation eigenmodes of the folded resonant
cavity [20]. These eigen-modes acquire different phases upon
a non-normal reflection from the cavity mirrors and, therefore,
have non-degenerate resonance frequencies. Only one linear
polarisation resonates in the optical cavity and contains infor-
mation about the frequency noise and the frame rotation. The
orthogonal polarisation follows the same optical path but does
not resonate in the cavity and behaves as a local oscillator in
the homodyne readouts. This scheme can be applied to a wide
range of sensors such as whispering-gallery-mode gyroscopes,
fibre rings and folded free-space cavities.
The optical layout of the gyroscope is shown in Fig. 1. The
input laser beam, with wavelength of λ = 1064 nm in S-
polarisation, passes through a Faraday isolator and couples into
an optical fibre. The optical cavity, auxiliary optics and pho-
todetectors are installed in air inside an isolation box. Inside the
box, the light passes through mode matching optics, and a set
of waveplates which converts vertical polarisation to circular.
A fraction of the laser beam is picked off by an input mirror
and hits the quadrant photodetector which measures the spatial
motion of the beam. The rest of the light is split into two beams
which are injected clockwise and counterclockwise into the high-
finesse optical cavity of side length a = 20cm. Since the cavity
is folded and has a planar axis, its eigen-modes have S- and P-
polarisations. In our setup, we resonate S-polarisation in the
optical cavity and use co-propagating field in the P-polarisation
as a local oscillator for the homodyne readouts. Parameters of
the experiment are shown in Table 1.
The beam splitter is balanced (50/50) for S-polarisation and
has a power transmission of Tbs,p = 0.63 for P-polarisation. This
imbalance leads to the local oscillator fields at the detection ports
Table 1. Parameters of the experiment.
Cavity area, A 400 cm2
Cavity build-up for S-polarisation, B 6500
Cavity build-up for P-polarisation 55
Beam splitter transmission, Tbs,p 0.63
Input power in S-polarisation 4 mW
Input power in P-polarisation 16 mW
given by the equations
Esym,p = 2
√
Tbs,pRbs,pEin,p
√
Tin,p
Eas,p = (Tbs,p − Rbs,p)Ein,p,
(2)
where Ein,p , Esym,p and Eas,p are P-polarised fields near the
beam splitter as shown in Fig. 1, Tin,p = 0.5 is transmission of the
input mirror for the P-polarised beam, and Rbs,p = 1− Tbs,p =
0.37 is reflectivity of the beam splitter for P-polarisation.
The laser field in the S-polarisation is sensitive to the longi-
tudinal and rotational motion of the optical cavity according to
the equations:
Esym,s = eiBφ+ cos(B
∆φ
2
)Ein,s
√
Tin,s
Eas,s = eiBφ+ i sin(B
∆φ
2
)Ein,s,
(3)
where B is the power build-up factor in the optical cavity,
Tin,s = 0.3 is transmission of the input mirror for the S-polarised
beam, Ein,s , Esym,s and Eas,s are S-polarised fields near the beam
splitter, and φ+ = 8pia∆ f/c is the common phase shift of the
clockwise and counterclockwise beams in the optical cavity due
to the difference ∆ f between the cavity eigen-frequency and the
laser frequency. The differential phase shift ∆φ is given by the
Eq. 1.
The output waveplates and polarising beam splitters at the
symmetric and antisymmetric ports rotate the resonant and non-
resonant light, mixing the two, so that the differential signals are
Ksym = 2<(Esym,pE∗sym,s) and Kas = 2<(Eas,pE∗as,s). Therefore,
if the output fields in S- and P- polarisations are orthogonal in
the complex plane then homodyne signals are zero. Eqs. 2 and 3
imply that Ksym = 0 if φ+ = 0 since the input light is circular
polarised. In the linear regime (Bφ+  1), the homodyne signal
is given by the equation
Ksym
∆ f
= 32pi
√
Tbs,pRbs,p
√
Tin,pTin,s
√
Pin,pPin,s · B ac
= 6.6 · 10−7
√
Pin,p
16 mW
Pin,s
4 mW
( a
20 cm
)( B
6500
)
W
Hz
.
(4)
The field Eas,s 6= 0 only when the gyroscope rotates with a
non-zero angular velocity. For small phase shifts (Bφ−  1), the
calibration of the gyroscope is given by the equation
Kas
Ω
= 8pi(Tbs,p − Rbs,p)
√
Pin,pPin,sB
A
cλ
= 4.6 · 10−2
√
Pin,p
16 mW
Pin,s
4 mW
( a
20 cm
)2 ( B
6500
)
W
rad/s
.
(5)
Homodyne signals in the far detuned regime are simulated
using Optickle [21] software and are shown in Fig. 2 and Fig. 3.
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Fig. 2. Response of the gyroscope to the different between the
cavity length and the laser frequency.
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Fig. 3. Response of the gyroscope to rotation of the frame.
There is no lock-in behaviour at small angular frequencies.
The range of the gyroscope is limited due to the open loop
operation of the rotation channel.
The laser frequency is actively controlled with a bandwidth of
50 kHz to keep Ksym around zero. We note that the derivative
of the homodyne signal Ksym over the frequency detuning ∆ f
has different signs for the resonances of S- and P-polarisations.
Therefore, the sign of the feedback control servo determines
which mode resonates in the cavity.
In our experiment, small ground vibrations determine the
rotation of the optical table and the gyroscope. Therefore, the gy-
roscope stays in the linear regime. However, there is an angular
velocity when eigen frequencies of the two counter-propagating
beams in the optical cavity shift by a significant amount and the
frequency servo can no longer sustain resonance conditions. The
threshold angular velocity is given by the equation
Ωmax =
λc
4piBA
= 0.1
(
20 cm
a
)2 ( B
6500
)
rad
s
. (6)
Fig. 4 shows the sensitivity of the gyroscope and couplings
of the noise sources in units of rad/s/
√
Hz which are common
in the gravitational-wave community. The readout channel was
calibrated from W to rad/s using Eq. 5. We have also verified
our calibration using a pair of Guralp 40T seismometers which
were separated by 1.3 meters and measured rotation of the opti-
cal table. Above 1 Hz, the gyroscope is limited by the motion of
the optical table which is passively damped using pneumatic vi-
bration isolators. These isolators are responsible for mechanical
resonances around 2 Hz and 9 Hz which are clearly seen in the
gyroscope and differential seismometer channels. In order to
estimate the gyroscope noise hidden below the table motion, we
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Fig. 4. The sensitivity of the gyroscope and estimated noise
sources.
corrected the gyroscope signals in the 1-10 Hz band according to
the equation
Scorr = Sgyro −
∣∣Cgyro,sei∣∣2
Ssei
, (7)
where Cgyro,sei is the cross-spectral density between the gyro-
scope and seismometer rotation channels, Sgyro and Ssei are
power spectral densities of the gyroscope and seismometer sig-
nals.
Photon shot noise and electronics noise cause sensing noises
of the gyroscope readout channel. The power spectral density
of the shot noise is dominated by the optical power in the P-
polarisation: Pas,p = (Tp − Rp)2Pin,p and Sshot,W = 2hνPas,p in
units of W2/Hz, where h is the Planck constant and ν = c/λ is
the frequency of light. This spectrum is converted to units of
rotation using Eq. 5 and is given by the equation
√
Sshot = 7 · 10−10
√
4 mW
Pin,s
(
10 cm
a
)2 (6500
B
)
rad/s√
Hz
. (8)
The noise floor of our gyroscope is two orders of magnitude
above the shot noise above 1 Hz and is limited by the quantisa-
tion noise from the analog-to-digital converter which digitises
the gyroscope rotation signal. Noise from the analog-to-digital
converter can be improved using whitening filters in the future
versions of the experiment.
Below 1 Hz, air currents and backscattering in the optical
cavity limit the sensitivity of the gyroscope. Air currents cause
spatial jitter of the beam and fluctuations of the index of refrac-
tion. In the ideal case, our setup is insensitive to beam motion
or jitter in the first order, but alignment drifts over time (due to
low-frequency temperature fluctuations inside the isolation box)
cause coupling to the rotation readout. We reduce beam jitter by
enclosing our cavity beam with tubes and confining the optics
in custom packages. We estimated coupling of the air currents
by measuring the beam jitter in transmission of the input mirror
using a quadruple photodetector (see Fig. 1). The beam jitter
noise limits our sensitivity in the 30− 500 mHz band.
Backscattering in the ring cavities has been studied as the
cause of lock-in behaviour in active and passive [22] systems
when the rotation degree of freedom is controlled. In our system,
backscattering from the counter-propagating cavity beams to
each other causes extra noise since cavity mirrors move relative
to each other and only the total cavity length is controlled. The
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Fig. 5. The Allan deviation of the gyroscope.
dominant source of the cavity mirror motion below 1 Hz is ther-
mal expansion of the gyroscope support blade which is made
out of aluminum with a linear thermal expansion coefficient
α = 1.1× 10−5 /K. The isolation box provides passive filtering
of the ambient temperature fluctuations with a time-scale of
two hours. Residual temperature fluctuations ∆T couple to the
gyroscope rotation channel according to the equation
√
Ssc = 103
√
R
10−11
√
Slong, (9)
where R = BRDF× λ2/(piw2) is reflectivity of the mirror to the
counter-propagating mode, BRDF is bidirectional scattering dis-
tribution function of the cavity mirrors, w is the beam size on the
mirrors and
√
Slong = α∆Ta is the amplitude spectral density of
the longitudinal motion of the mirrors. We measured the temper-
ature fluctuations in the isolation box using a set of thermistors
and estimated the noise from backscattering according to Eq. 9.
We have also measured coupling of the lasers frequency and
amplitude noises. These noises couple to the gyroscope readout
through imbalances in the system, such as backscattering in the
optical cavity and misalignments of the input optics. We simu-
lated coupling from the lasers noises in the Optickle software
and compared the simulations with measured transfer functions.
We conclude that laser noises are insignificant noise sources in
our experiment.
Fig. 5 shows the Allan deviation of the rotation channel, a
common metric of navigation gyroscope performance, in units
of ◦/h. For small times τ < 0.1 sec the deviation improves as√
τ since electronics noise is white above 1 Hz. We reach bias
stability of 0.03 ◦/h at τ = 0.15 sec. At longer times, the Allan
deviation increases due to the beam jitter noise and backscat-
tering in the optical cavity. On the time scales of a few hours,
the deviation is dominated by temperature fluctuations of the
gyroscope.
In conclusion, we have demonstrated a novel design for a
passive gyroscope, utilising a folded, free-space, resonant cavity.
We have shown control of the gyroscope using a double homo-
dyne readout technique. Although this paper presents a design
with a free-space cavity, this method of readout can be applied
to any cavity that exhibits a phase shift between its eigen polari-
sations, opening this technique’s applicability to a wider scope
of resonators. In this experiment, we reached the sensitivity of
5× 10−8 rad/s/√Hz above 1 Hz and are limited by the table
motion, electronics noise of the analog-to-digital converter at
these frequencies. Below 1 Hz we are limited by the beam jitter
and thermal motion of the cavity mirrors which couple to the
rotation channel due to backscattering in the optical cavity.
The next step will be to reduce the motion of the cavity mir-
rors using passive and active stabilisation. In particular, we
plan to build a cavity on a monolithic fused silica plate similar
to the LISA interferometers [23]. Since the thermal expansion
coefficient of fused silica is a factor of 30 smaller compared to
aluminum, we expect reduction of the cavity mirror motion by
the same factor. Furthermore, we plan to actively stabilise the gy-
roscope temperature with a system similar to the stabilisation in
atomic clocks and compact gyroscopes which reach the thermal
stability of 10−5 K over several hours [24]. Active temperature
control has a potential to reduce the cavity motion by two orders
of magnitude compared to the current design and significantly
reduce the noise level around 1 mHz.
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